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The kinematics for 4He scattering off I H are shown
in fig. 1. Fig. la shows the relation before and after the
binary encounter of a 4He ion bombarding a I H atom.
After the collision, the 4He particle goes at an angle (j

with respect to the beam direction, with energy E",
while the recoiling IH atom goes at an angle ep with
energy E p • The relationship between the angles (j and ep
for 4 He bombardment of 1 H is shown in fig. 1b along
with the relationship for 4He colliding with 2D. Two
experimental geometries were used and the ranges of
angles covered are shown as the solid box labelled A in
fig. 1b and the dashed box labelled B.

The experimental layout is shown schematically in
fig. 2. We used the same setup as in our earlier
liquid-solid interface measurements [6] where the beam
spot size at the target was - 0.5 mm as defined by
upstream apertures. A further aperture, with a 1.5 mm
diameter hole, was mounted directly in front of the
target as shown in fig. 2. Two annular surface barrier
detectors of 150 mm2 active area were used to detect
coincidences between scattered 4 He ions and recoiling
1H atoms. The detectors had a 4 mm diameter hole
through their centres with an outer diameter of ]4 mm
of the active area. Detector 1 was placed - 3 mm
downstream of the target in order to suhtend an angular
range ep from 33 0 to 69 0

. Detector 2 was placed - 39

2. Experiment

data for the geometry suggested by Chu and Wu [2], as
similar results were obtained for both geometries. A
more detailed paper describing both geometries will be
puhlished later [51.
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The technique of elastic recoil detection (ERD) [1]
has been in use for some years as a method (If profiling
light atoms in heavy substrates. One of the problems
with this technique in ion-beam studies c f polymer
films or thin-foil samples is that the probing beam
degrades the sample because of radiation damage. This
arises mainly because of the small solid argle of the
detector used for particle detection which i~ necessary
to convert an energy spectrum into a concentration vs
depth profile.

Recently, a new spectrometry has been proposed by
Chu and Wu [2] which allows the use of detectors with
solid angles of the order of steradians instead of milli
steradians. The depth resolution that would normally be
lost because of the large solid angles is retained to a
reasonable extent by a coincidence measurement of the
scattered beam particle and the recoiling light ion;
however, because the technique relies on the difference
in stopping power before and after scattering, the depth
sensitivity is inferior to that obtained in Rutherford
backscattering (RBS) or ERD. The idea 01' a coinci
dence measurement is not new and has been used
previously [3,4] for depth-profiling light atoms in a
heavy substrate but in these earlier meaSUf('ffients the
solid angles of the detectors were relatively small; the
reason for the coincidence measurement wa~, to reduce
noise and give unambiguous identification of Impurities.

In the present work we have experimentally demon
strated the technique suggested by Chu ard Wu [2],
using two annular silicon counters to detec t recoiling
hydrogen atoms in a thin carbon foil which was
bombarded with 2 MeV 4He ions. Two experimental
geometries were used, but in this paper we p::esent only

1. Introduction

The new technique for profiling light elements in thin, self-supporting foils, which uses a coincidence measurement over very large
solid angles, has been demonstrated experimentally. A beam of 2.0 MeV 4He particles was used to bombard films of (i) cracked
ethylene and (ii) evaporated carbon which was suh"equently implanted with 7.5 keY lH' ions to a concentration of 1Q17/cm2. Plots

of Eo: vs E
p

clearly show the 1H distributions in the foiL
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3. Results and discussion

an aluminum holder that was directly mounted on a
two-axis goniometer with x-y translation [6]. The
aluminum holder was first mounted on the goniometer
with the target and detectors removed. In place of
detector 2 was an insulated tantalum aperture with a 2
mm diameter hole. The goniometer was rotated in angle
about the beam direction and translated in x and .v

until the beam passed cleanly through the 1,5 mm
entrance and 2 mm exit apertures. The target and
annular detectors were then replaced in the aluminum
holder and measurements made.

The beam current was limited to 2-3 pA as mea
sured in a Faraday cup downstream from the target.
This beam current was set by the count rate in detector
2 which was kept at - 7000 counts per second in order
to avoid pileup; this rate arose from the large Ruther
ford cross section for scattering of 4He from carbon.

In this paper we present results for geometry 1, i.e.
33 0 < 1> < 69 0 and 6 0 < f) < 15 0

. Two different foils
were used and both were bombarded by a 2.0 MeV
beam of 4He particles. The first foil was a 25 jJ.g/cm2

carbon film made by cracking ethylene gas in an rf
discharge which results in a uniform distribution of
hydrogen throughout the foil. The second foil was a 70
f.lg/cm2 film of evaporated carbon which should con
tain very little hydrogen. This foil was implanted with
7.5 keV IH+- ions to a dose of 1Ol7/cm2. The target
thicknesses were determined from energy-loss measure
ments of alpha particles from a 241Am source and the
stopping powers for 4 He in carbon of Ziegler et a1. [7].
The uncertainty in the thicknesses is estimated to be
±lO%.

Coincidence measurements were made for: (1) a 25
jJ.g/cm2 cracked-ethylene foil, (2) a 70 J.lg/cm2 im
planted foil with the hydrogen facing upstream and (3)

a 70 jJ.gjcm2 implanted foil with the hydrogen facing
downstream.

Data were collected, event by event, on the Queen's
University PDP-15 computer. An event consisted of the
energy signal from each of detectors 1 and 2 and the
time correlation between them as obtained with stan
dard fast-slow coincidence techniques [8].

II. SCATTERING

The data were analyzed with the Concurrent Corpo
ration 3230 minicomputer at Chalk River. During anal
ysis, the individual energy spectra, the time spectrum
and the total energy spectrum, defined as the sum of the
energies in detectors 1 and 2 and divided by 2, were
generated. Typical spectra from the cracked-ethylene
foil for the total energy, time, and the energy in detec
tors 2 and 1 are shown in figs. 3a-d, respectively. Also
shown in fig. 3 are the energy spectra for detectors 2
and 1 (labelled e and f respectively) for windows on the
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mm downstream of the target so that it subtended
angles () between 6 0 and 15 0 for geometry 1 (box A in
fig. 1b). For geometry 2, detector 2 was placed - 12
mm downstream from the target (box B in fig. 1b).

To avoid damage to the detectors, the beam must be
directed through the holes in the centre of the two
detectors. Therefore, considerable care was taken to
align the target and counters which were contained in
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Fig. 2. Experimental geometry, drawn to scale, used for Eo. and
E

p
coincidence measurement. The detector arrangement corre

sponds to the angular limits shown in fig, 1b. Detector 1 was
fixed for both geometries; detector 2 was moved closer to

detector 1 (dashed line) for geometry 2.
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Fig. 1. (a) Kinematics for elastic scattering of 4He, with energy
Eo, off lH. After the binary collision, the 4He ion goes at an
angle B to the beam direction, with energy Eo., while the
recoiling IH goes at an angle .p to the beam with energy E p .

(b) The relationship between () and .p for 4He scattering off
1Hand 1 D target atoms. The solid box represents the regions
of fJ and .p used experimentally in geometry 1 and the dashed

box is for geometry 2.
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ungated conditions (corresponding to figs. 3c and d)
while fig. 4b has the requirement of the time and
total-energy gates (corresponding to figs. 3e and f). The
effect of time and total-energy windows on removing
invalid events is shown dramatically in fig. 4b.

Considerable information on the hydrogen distribu
tion in the foils can also be obtained from the total-en
ergy spectra which are shown in fig. 5. Fig. 5a is the
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Fig. 4. (a) Intensity as a function of E
ff

and E p . (b) Same as (a) but with windows on total energy and time (see text for details).
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Fig. 3. (a) Total-energy spectrum (sum of detector 1 and detector 2 and then divided by 2). The calibration is 5.2 keYIch. The
vertical lines indicate the window used in producing spectra (e) and (C). (b) The time correlation between detectors 1 and 2. The full
width at half maximum of the prompt peak corresponds to -12 ns. The vertical lines indicate the window used in producing spectra
(e) and (0. (c) The "raw" energy spectrum in detector 2. The calibration is 2.6 keYIch. (d) Same as (c) but for detector L (e) Same as
(c) but with windows on total energy and time (see (a) and (b)). (0 Same as (d) but with windows on total energy and time (see (a)

and (b».

real time peak and total energy; the windows used are
shown as vertical lines in figs. 3a and b. The gated
spectra are considerably "cleaner" than the raw spectra,
as random coincidences as well as degraded energy
pulses caused by detector edge effects are removed.

Two-dimensional spectra of intensity as a function
of E

ff
and Ep were also generated and the resulting

contour plots are shown in fig. 4. Fig. 4a is for the
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Fig. 5. Total-energy spectra, for a window on the prompt time
peak, for (a) a cracked-ethylene target, (b) an implanted foil
with the hydrogen facing upstream and (c) an implanted foil

with the hydrogen facing downstream.
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Fig. 6. Total-energy spectra from computer simulations for the

three cases shown in fig. 5.

II. SeATIERING

surface with a thickness of 36 nm, i.e. twice the longitu
dinal straggling predicted by TRIM. A calculation as
suming a uniform distribution of I H atoms throughout
the 315 nm foil was also carried out and even that
underestimated the observed width of the spectra in
figs. 5b and Sa. Calculations of energy straggling and
multiple scattering indicate that such effects cannot
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total-energy spectrum for the cracked-ethylene foil while
figs. 5b and 5c are for the implanted target with the
hydrogen facing upstream and downstream, respec
tively. As mentioned above, the evaporated foil thick
ness was 70 f.tg/cm2 which, assuming a density for
carbon of 2.22 g/cm3

, corresponds to a thickness of 315
nm. The depth profile of the implanted hydrogen was
estimated with the Monte Carlo code TRIM [9] which
predicts a mean range of - 80 nm and longitudinal
straggling of - 18.5 nm.

Inspection of fig. 5 shows a shift in centroid between
(a) and (b) as would be expected because of the greater
energy loss in the 70 j-Lg/cm2 foil compared to the 25
f.tg/cm2 one. Also, there is a difference in spectral shape
between (b) and (c) arising from whether the implanted
hydrogen faces upstream or downstream.

We have made Monte Carlo calculations to simulate
the experimental data and the results of the simulation
are shown in fig. 6. Figs. 6a, band c correspond to Sa, b
and c, respectively. The Monte Carlo calculations used
the stopping power values of Ziegler et al. [7] and
experimentally determined cross sections [10] for 4 He
scattering from I H.

The calculations reproduce the positions of the
highest counts in the experimental data reasonably well
but the calculated widths are considerably narrower
than those observed experimentally. In the calculations
for the implanted foil it was assumed that the implanted
hydrogen was uniformly distributed through the carbon
in the form of a "slab", centered at 80 nm from the
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account for the observed broadening of the distribu
tions.

A possible explanation is that foil uniformity is
inadequate or that the foil is not flat enough. Since the
cross section is dominated by forward scattering of 4He
off 1H, the recoiling hydrogen goes at very large angles
(60 0-70 0) to the beam and the effective target thick
ness for the hydrogen is 2-3 times the nominal thick
ness.

In conclusion, we have experimentally demonstrated
the new technique of scattering recoil coincidence spec
trometry of Chu and Wu [2]. The method provides a
means of profiling light atoms in low-Z thin films
without damaging the sample. The technique is a sec
ond-order effect in terms of stopping, i.e. it relies on the
difference in stopping power before and after the
scattering, which makes it difficult to get good depth
resolution. However, it should be relatively straightfor
ward to obtain the total number of light atoms in a
low-Z substrate.
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